, is a platinum coordination compound that is commonly used to treat hepatocellular carcinoma (HCC). It is also one of the most compelling anticancer drugs. Recent studies suggest that cisplatin may reduce cancer risk and improve prognosis. However, the antitumor mechanism of cisplatin in several types of cancers, including HCC, has not been elucidated. The goal of the present study was to evaluate the effects of cisplatin on the proliferation of HCC cells in vitro and to determine which microRNAs (miRNAs) are associated with the anticancer effects of cisplatin in vitro. We used various human HCC-derived cell lines to study the effects of cisplatin on human HCC cells. Cisplatin led to a strong dose-and time-dependent inhibition of cell proliferation in HLE, HLF, HuH7, Li-7, Hep3B and HepG2 cells in vitro. Cisplatin also blocked the progression of the cell cycle in the G0/G1 phase, which inhibited cyclin D1 and induced apoptosis. In addition, miRNA expression was markedly altered by treatment with cisplatin in vitro. Therefore, various miRNAs induced by cisplatin may also contribute to the suppression of cellular proliferation and apoptosis. Our results demonstrate that cisplatin inhibits the growth of HCC, possibly through the induction of G1 cell cycle arrest and apoptosis through the alteration of microRNA expression.
Introduction
Liver cancer is the third most common cause of cancer death worldwide and an estimated 696,000 deaths from liver cancer occurred in 2008 (1) . Surgery is currently the most effective treatment for patients with hepatocellular carcinoma (HCC) (2) . However, the indication of surgery is restricted by limited criteria (2, 3) . In addition, although the survival rate has improved during the past decade, the rate of recurrence after surgery still remains high in patients with HCC (4) . Therefore, systemic chemotherapy is required for patients with advanced stages of HCC in order to prolong their survival.
Cisplatin [cis-diamminedichloroplatinum (II)] is a commonly used anticancer drug, the biological activity of which was first reported in 1965 (5) . Cisplatin exerts cytotoxic effects primarily by an interaction with cellular DNA; its binding alters the structure of DNA and affects its ability to act as a template during transcription, which ultimately triggers apoptotic cell death (6, 7) . Despite a stable rate of initial responses, cisplatin treatment often results in therapeutic failure due to the development of chemoresistance (6) . Several mechanisms related to the cisplatin-induced antitumor effects have been reported in the past several decades. Apoptosis is one of the major components of cisplatin-induced cytotoxicity (8) . With respect to the relationship between the cytotoxic effects of cisplatin and the aberrant expression of microRNAs (miRNAs), several studies have identified the presence of dysregulated miRNAs in various cancers, such as breast, gastric, lung, esophageal, ovarian, and tongue cancers (9) . However, the mechanism involved in the relationship between cisplatin and HCC remains elusive.
miRNAs are essentially 18-22 nucleotide-long endogenous noncoding RNAs (3, 10) . The effect of miRNAs on the regulation of the expression of various genes is so broad that one miRNA controls more than 200 genes (11) . Among various human cancers, it has been reported that aberrant expression of miRNAs is a common feature and is related to patient survival (12) (13) (14) (15) (16) (17) (18) (19) . These previous studies indicate that the modulation of non-coding RNAs, especially miRNAs, might be a valuable target for HCC formation. Therefore, in our present study, we intended to elucidate the profiles of miRNAs that are associated with the cisplatininduced antitumor effects observed in HCC cell lines, as well as the role of cell cycle regulatory molecules and apoptosisrelated caspase proteins. An analysis of the miRNA profiles after treatment with cisplatin may be a novel approach for the treatment of patients with cisplatin-resistant HCC.
Materials and methods
Chemicals. Cisplatin was purchased from Nippon kayaku (Tokyo, Japan). A Cell Counting kit (CCk-8) was purchased from Dojindo Laboratories (kumamoto, Japan), and all other chemicals were obtained from Sigma Chemical (Tokyo, Japan).
Antibodies. In this study, the following antibodies were used: anti-β-actin monoclonal antibody (Sigma-Aldrich, St. Louis, MO, USA; A5441, used at 1:2,000), cyclin D1 (Thermo Fisher Scientific, Waltham, MA, USA; RB-9041, used at 1:1,000), Cdk6 (Santa Cruz Biotechnology, Santa Cruz, CA, USA; sc-177, used at 1:500), Cdk4 (Cell Signaling Technology, Danvers, MA, USA; #2906, used at 1:1,000), horseradish peroxidase (HRp)-linked anti-mouse and anti-rabbit IgG secondary antibodies (GE Healthcare Uk, Buckinghamshire, Uk; used at 1:2,000).
Cell lines and culture. The human hepatocellular carcinoma cell lines HLE, HLF, HuH7, Li-7, Hep3B and HepG2 were obtained from the Japanese Cancer Research Resources Bank and were passaged in our laboratory. The cell lines were authenticated by the cell bank using short tandem repeat pCR. Cells were grown in Minimum Essential Medium (MEM) (Gibco Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS (533-69545; Wako) and penicillin-streptomycin (100 mg/l; Invitrogen) in a humidified atmosphere of 5% CO 2 at 37˚C.
Cell proliferation assay. Cell proliferation assays were conducted using the CCk-8 according to the manufacturer's instructions. Cells from each cell line (0.5x10 4 ) were seeded into a 96-well plate and cultured in 100 µl of MEM supplemented with 10% FBS. After 24 h, the seeded cells were treated with 0, 1, 3 or 10 µg/ml of cisplatin added to the culture medium. At the indicated time points, the medium was changed to 100 µl of MEM with CCk-8 reagent (10 µl of CCk-8 and 90 µl of MEM). Absorbance was measured for each well at a wavelength of 450 nm using an auto-microplate reader.
Cell lysates. The lysates were collected according to the methods described in our previous studies (20) . All steps were performed at 4˚C. Protein concentrations were measured using a dye-binding protein assay based on the Bradford method (21) .
Gel electrophoresis and western blotting. Samples were electrophoresed using 7.5 to 10% SDS-pAGE (22) after which the proteins were transferred to nitrocellulose membranes. The membranes were incubated with primary antibodies after blocking and were then incubated with HRp-conjugated secondary antibodies (23) . Immunoreactive proteins were visualized with an enhanced chemiluminescence detection system (Perkin Elmer Co.) on X-ray film.
Apoptosis. The detection of caspase-cleaved cytokeratin 18 (Ck18) was performed using an M30 Apoptosense ELISA kit which was purchased from peviva AB (Bromma, Sweden). HuH7 cells (0.5x10 4 ) were seeded into a 96-well plate and cultured in 100 µl of MEM supplemented with 10% FBS. After 24 h, the seeded cells were washed once with pBS and treated with 1 µg/ml of cisplatin added to the culture medium. At the indicated time points, 10 µl of pRO-pREp™ protein extraction solution was added to each well. The plates were shaken on a rotary shaker for 5 min at room temperature in order to lyse the cells. Next, 25 µl of M30 Standard (A-G), M30 Control Low, M30 Control High or samples was pipetted into the appropriate wells. A total of 75 µl of the diluted M30 HRp Conjugate solution was also added to each well. The cells were incubated at room temperature for 4 h. The incubation solution was discarded, and the plate was washed five times with 250 µl of diluted washing solution. Next, 200 µl of TMB substrate was added to each well. The cells were incubated in the dark at room temperature for 20 min. Then, 50 µl of stop solution was added to each well. After 5 min, the absorbance was measured at a wavelength of 450 nm using an auto-microplate reader.
Antibody arrays of phosphorylated receptor tyrosine kinase.
The RayBio Human phospho Array kit (catalog no. ARY 001) was purchased from RayBiotech, Inc (Norcross, GA, USA). An array to detect phosphorylated receptor tyrosine kinase (p-RTk) was conducted according to the manufacturer's instructions. Briefly, p-RTK array membranes were blocked with 5% bovine serum albumin (BSA)/TBS (0.01 mol/l Tris-HCl, pH 7.6) for 1 h. The membranes were then incubated with 1.5 ml of lysate prepared from cell lines after normalization with equal amounts of protein. After extensive washing with TBS containing 0.1% v/v Tween-20 (3 washes for 10 min each), the membranes were then incubated with an anti-phospho-tyrosine-HRp detection antibody for 2 h at room temperature. The unbound HRp antibody was washed away with TBS with 0.1% Tween-20. Finally, each array membrane was exposed to X-ray film using a chemiluminescence detection system (perkin Elmer Co.). The density of the immunoreactive band obtained on the p-RTk array was analyzed by densitometric scanning (Tlc scanner, Shimizu Co., Ltd.).
Angiogenic profile analysis using an antibody array. The RayBio Human Angiogenesis Antibody Array 1 kit (catalog no. AAH-ANG-1) was purchased from RayBiotech, Inc. The assay for the antibody array was performed according to the manufacturer's instructions. Briefly, the angiogenesis antibody membranes were blocked with blocking buffer for 30 min. The membranes were then incubated with 1 ml of lysate prepared from the cell lines after normalization with equal amounts of protein. After extensive washing with TBS with 0.1% v/v Tween-20 (3 washes for 5 min each) and with TBS alone (2 washes for 5 min each) to remove unbound lysate, the membranes were then incubated with biotin-conjugated antibodies for 1 h at room temperature. After washing the membranes with TBS with 0.1% Tween-20 and with TBS alone, the membranes were incubated with HRp-conjugated streptavidin for 2 h at room temperature. After washing these membranes, finally, each array membrane was exposed to X-ray film using a chemiluminescence detection system (perkin Elmer Co.). The density of the immunoreactive band obtained on this array was analyzed by densitometric scanning (Tlc scanner, Shimizu Co., Ltd.).
Analysis of the microRNA array. Total RNA was extracted from the samples derived from the cancer cell lines using a miRNeasy Mini kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. RNA samples typically showed A 260/280 ratios between 1.9 and 2.1, using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
After measurement of the RNA with an RNA 6000 Nano kit (Agilent Technologies), the samples were labeled using a miRCURY Hy3/Hy5 power labeling kit and were hybridized onto a human miRNA Oligo chip (version 19.0; Toray Industries, Tokyo, Japan). Scanning was conducted with the 3D-Gene Scanner 3000 (Toray Industries), and 3D-Gene extraction version 1.2 software (Toray Industries) was used to read the raw intensity of the image. To determine the change in miRNA expression between the cisplatin-treated samples and the control samples, the raw data were analyzed via GeneSpringGX version 10.0 (Agilent Technologies). Samples were first normalized relative to the 28S RNA, and then the baseline was corrected to the median of all samples.
Replicate data were consolidated into two groups: those from the cisplatin-treated cells and those from the control cells were organized by the hierarchical clustering and ANOVA functions in GeneSpring software. Hierarchical clustering was performed with the clustering function (condition tree) and Euclidean correlation as a distance metric. Two-way ANOVA analysis and asymptotic p-value computation without any error correction of the samples were conducted to determine the miRNAs that varied most prominently across the different groups. The p-value cutoff was set to 0.05. Only changes >50% in at least one of the time points for each sample were considered significant. All of the analyzed data were scaled by global normalization. The statistical significance of the differentially expressed miRNAs was analyzed by Student's t-test.
Statistical analysis. All analyses were conducted using the computer-assisted JMp8.0 (SAS Institute, Cary, NC, USA). A paired analysis between the groups was conducted using Student's t-test. A p-value of 0.05 indicated a significant difference between the groups. 
Results

Cisplatin inhibits the proliferation of human HCC cells.
To evaluate the effect on the growth activity of human HCC cell lines by cisplatin in vitro, we examined the effect of cisplatin on the proliferation of six human HCC cell lines: HLE, HLF, HuH7, Li-7, Hep3B and HepG2. To understand the direct relationship between the decrease in cell viability and the inhibition of cell proliferation, we followed the course of proliferation over three days after the addition of cisplatin. Cells were grown in culture medium and treated with 0, 1, 3 or 10 µg/ml of cisplatin. As shown in Fig. 1 , cisplatin led to a strong dose-and time-dependent inhibition of cell proliferation in the human HCC cell lines HLE, HLF, HuH7, Li-7, Hep3B and HepG2. These results show that cisplatin inhibits the proliferation of human HCC cells.
Differences in phosphorylated receptor tyrosine kinases (p-RTKs) in HuH7 cells with or without cisplatin treatment in vitro.
After the antitumor effects of cisplatin in human HCC cell lines were established, we next used a phosphorylated-RTk array system to identify the 'key' RTks that are responsible for these antitumor effects. With an antibody array ( Fig. 2A) , we simultaneously screened the expression of 42 different RTks in HuH7 cells with or without cisplatin treatment. The results showed that the expression of insulin receptor (Insulin R) (Fig. 2B) was reduced by the treatment with cisplatin.
The density of the Insulin R obtained from the membrane array was analyzed by a kodak Image Station (Eastman kodak, Rochester, NY, USA). The densitometric ratio of the Insulin R spots of the cisplatin-treated cell lines to the Insulin R spots of the untreated cell lines was reduced to 31.2% (Fig. 2C) .
Differences in the expression of angiogenesis-related protein in HuH7 cells with or without cisplatin treatment in vitro.
We used an angiogenesis antibody array system to identify the 'key' angiogenesis-related proteins responsible for the antitumor effects of cisplatin. By using this antibody array (Fig. 3A) , we simultaneously screened the expression of 20 different angiogenesis markers in the human HCC cell line HuH7 with or without cisplatin treatment. None of the markers of angiogenesis were changed by treatment with cisplatin as detected by the protein array (Fig. 3B) .
Effects of cisplatin on cell cycle regulatory proteins in HuH7 cells.
To determine whether cisplatin affects the cell cycle in HuH7 cells, western blot analysis was used to examine the expression of various cell cycle-related molecules in HuH7 cells with and without cisplatin treatment. Cells were treated with 1 µg/ml of cisplatin or were left untreated for 24-72 h. The most remarkable change was the loss of cyclin D1, a key protein that has been implicated in the G0/G1 transition (Fig. 4) . We then studied the expression of other cell cycle-related proteins (Cdk4 and Cdk6) that have also been implicated in the G0/G1 transition. Cdk4 and Cdk6, the catalytic subunits of cyclin D1, were not changed after the addition of cisplatin to the culture medium. The amount of β-actin (an internal control for protein loading) was almost the same in each lane in sodium dodecyl sulfate polyacrylamide gel electrophoresis (Fig. 4) .
Cisplatin induces apoptosis of HuH7 cells.
In order to establish that cisplatin induces apoptosis in HuH7 cells, we used the M30 Apoptosense method which specifically measures caspase-cleaved cytokeratin 18 in apoptotic cells. The activity in this assay is inhibited by a pan-caspase inhibitor. The M30 Apoptosense method is a useful screening tool as it measures the accumulation of the apoptotic product in cell cultures, which allows for an integrative determination of apoptosis until the cells are harvested. Cisplatin induced strong expression of caspase-cleaved cytokeratin-18 in HuH7 cells after 48 h of treatment (Fig. 5) .
Differences in miRNA expression in HuH7 cells with or without cisplatin treatment in vitro.
Using a custom microarray platform, we analyzed the expression levels of 2019 human miRNAs in HuH7 cells with or without cisplatin treatment in vitro. As shown in Fig. 6 , Tables I and II, when the expression of miRNAs was examined in HuH7 cells treated with 1 µg/ml of cisplatin in vitro and in those not treated with cisplatin, 36 miRNAs were significantly upregulated (Table I) in HuH7 cells after 24 h of cisplatin treatment, while 10 miRNAs were downregulated (Table II) out of the 2019 total miRNAs. Unsupervised hierarchical clustering analysis, with pearson's correlation, showed that HuH7 cells treated with cisplatin clustered together and separately from the untreated cells (Fig. 6 ).
Discussion
Herein we present evidence for the reduction of a phosphorylated RTk (p-RTk), the IR, the downregulation of cyclin D1 among cell cycle regulatory molecules, and the miRNA profiles in HCC cells after treatment with cisplatin. First of all, the activation of IR induces the expression of IR substrates 1 and 2 (IRS1/2), which in turn mediate mitogenic and anti-apoptotic signaling (24) . In addition, the overexpression of IRS1 prevents transforming growth factor β1-induced apoptosis (25) . In our present study, the phosphorylation of IR was inhibited by cisplatin according to the phosphorylated RTk array (Fig. 2B and C) . Cisplatin also induced apoptosis (Fig. 5) . These results suggest that IR signaling may be one of the important pathways that mediate cisplatin-induced apoptosis. Noteworthy, the phosphatase and tensin homolog (pTEN), which is one of the most important suppressors of the IR signaling pathway, was negatively regulated by microRNA-21 (16) . Furthermore, microRNA-21 confers cisplatin resistance via the regulation of pTEN (26) . This suggests that microRNA-21 may be induced in response to cisplatin during initial therapy, but that continuous treatment with cisplatin may induce the acquisition of resistance through the overexpression of microRNA-21. As shown in Table I , our data demonstrated the upregulation of microRNA-21 after the treatment of HCC cells with cisplatin. Therefore, microRNAs may modulate the IR signaling pathway during cisplatininduced apoptosis. In addition, cyclin D1 is regarded as one of the key molecules in the transition from G1 to S phase. On the one hand, the upregulation of cyclin D1 results in the rapid progression of HCC, on the other hand, cyclin D1 is downregulated by microRNA-338p (27, 28) in HCC cells. These microRNAs then induce G1 arrest (29) and promote cell apoptosis (30).
In our study, cellular proliferation was significantly inhibited after cisplatin treatment in a dose-dependent manner (Fig. 1) , and cyclin D1 expression was reduced at the protein level by cisplatin treatment (Fig. 4) . Moreover, cisplatin induced apoptosis in these cells. Of note, microRNA-338 was significantly upregulated in cisplatin-treated HCC cells compared to non-treated HCC cells (Table I) . This indicates that cisplatin inhibits the expression of cyclin D1 via the upregulation of microRNA-338-3p. Furthermore, the expression of microRNA-34a and microRNA-99a was also upregulated in HCC cells after treatment with cisplatin (Table I) . Guo et al reported that microRNA-34a inhibits the potential for lymphatic metastasis by inducing the downregulation of cyclin D1 and Cdk6 (31) . It was demonstrated that microRNA-99a suppresses the growth of hepato cellular carcinoma (HCC) via the induction of G1-phase cell cycle arrest and also correlates with patient survival (32) . These data suggest that cisplatin inhibits cellular proliferation by modulating cell cycle regulatory molecules through microRNA-34a and microRNA-99a. MicroRNA-338-3p, microRNA-34a and microRNA-99a may be novel cell cycle regulators, and therefore, miRNA profiling may also be a powerful tool to discover targetable molecules in HCC.
In conclusion, microRNAs were strongly associated with the mechanisms of cisplatin-induced cell proliferation and apoptosis in HCC cells. Therefore, the analysis of microRNA profiles may be a powerful tool to elucidate new mechanisms of action of cisplatin and to discover new targetable molecules for the treatment of HCC. 
